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Hypertrehalosemic hormone (HTH) is a peptide hormone that belongs to the adipokinetic
hormone/red pigment concentrating hormone (AKH/RPCH) family, which exerts pleiotropic
actions related to catabolic reaction and stress response. AKH peptides have been demon-
strated to participate in stress response including oxidative stress in several insects. In
order to study the signaling pathway of HTH involved in anti-oxidative stress, we have
characterized a HIH receptor cDNA in Blattella germanica (Blage-HTHR) in structural and
in functional terms using RNA interference (RNAi). Blage-HTHR is expressed in various
female adult tissues (brain–CC–CA, ventral nerve cord, midgut, fat body, oviduct), but max-
imal expression is observed in the fat body. RNAi-mediated knockdown of Blage-HTHR
expression results in a signiﬁcantly lower level of hemolymph trehalose, even though HTH
is exogenously administered. Paraquat elicits lethal oxidative stress in B. germanica, and
co-injection of paraquat and HTH reduces this detrimental effect and extends the median
survival time. Interestingly, the “rescue” effect of HTH on mortality caused by paraquat is
diminished in specimens with depleted expression of Blage-HTH and Blage-HTHR. Finally,
lipid peroxidation in the hemolymph increases 4 h after paraquat treatment, in compari-
son with control specimens or with HTH-treated specimens. However, lipid peroxidation
induced by paraquat was not “rescued” by HTH in Blage-HTH and Blage-HTHR knockdown
specimens. Our results demonstrate that HTH acts as a stress hormone mediating anti-
oxidative protection in B. germanica, and that its receptor, Blage-HTHR, is essential for this
action.
Keywords: adipokinetic hormone, paraquat, RNA interference, hypertrehalosemic hormone receptor, German
cockroach
INTRODUCTION
The adipokinetic hormone/red pigment concentrating hormone
(AKH/RPCH) family is one of the extensively characterized group
of neuropeptides whose members play important roles on energy
homeostasis, as well as on other physiological and behavioral
processes in insects (Schooley et al., 2005). AKH peptides are 8-
to 10-amino acid long, with a pyroglutamate blocked N-terminus
and an amidated C-terminus, aromatic residues at positions 4 and
8, and a glycine residue at position 9, when present (Gäde, 2009).
Among them, the peptides that primarily induce trehalose efﬂux
into hemolymph are referred to as a hypertrehalosemic hormone
(HTH).
Recently, AKHs have been related to stress response, through
mechanisms involving the stimulation of catabolic reactions
while inhibiting synthetic reactions by increasing available energy
(Kodrik, 2008). Earlier studies have related the release of AKHs
as a result of insecticide poisoning through recording the increase
of metabolites such as trehalose and lipids in the hemolymph of
the cockroach Periplaneta americana (Granett and Leeling, 1972)
and the locust Schistocerca gregaria (Samaranayaka, 1974). Direct
measurement of AKH titer increase after insecticide exposure has
been further reported in a number of insects, including the locust
S. gregaria and the bug Pyrrhocoris apterus (Candy, 2002; Kodrik
and Socha, 2005; Velki et al., 2011). In addition, AKHs partic-
ipate in anti-oxidative mechanisms by increasing reduced glu-
tathione efﬂux and decreasing protein carbonyl levels in response
to treatment with paraquat (PQ), a bipyridylium herbicide that is
currently used to elicit oxidative stress in animals through redox-
cycling reactions (Hassan, 1984); it has been used in this way, for
example, in the potato beetle Leptinotarsa decemlineata (Kodrik
et al., 2007) and in P. apterus (Vecera et al., 2007).
Oxidative stress is a type of stressor that causes neurodegenera-
tion of brain cells under severe stress condition (Chaudhuri et al.,
2007); it also affects a number of physiological processes, includ-
ing an adaptive compensatory speciﬁc response of the organism
that is activated to sustain homeostasis (Valko et al., 2007). Reac-
tive oxygen species, such as superoxide anion radicals, hydroxyl
radical, and hydrogen peroxide, represent a class of molecules that
are derived from the normal metabolism of oxygen in the majority
of aerobic organisms. Reactive oxygen species arise as endogenous
by-products of metabolic reactions in the cells, and from exoge-
nous exposure to environmental pollutants, ionizing radiation,
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and others. Excess of reactive oxygen species and/or deﬁcit of scav-
enging antioxidants results in oxidative stress, which may impair
correct regulation of lipids, proteins, and DNA (Halliwell and
Gutteridge, 2007).
Most of the previous studies show that AKHs are involved
in antioxidant protection mechanisms used biochemical exper-
imental approaches such as monitoring AKH titer changes or
exogenously applying AKH under oxidative challenges (Kodrik
et al., 2007;Vecera et al., 2007). Thus, little information is available
at the molecular level on the relation of AKH with antioxidant
protection mechanisms. In this context, we aim to provide molec-
ular evidence that the signaling pathway of HTH is involved in the
antioxidant protection mechanisms, using the cockroach Blattella
germanica as model. Previously, we had cloned the hypertre-
halosemic hormone (Blage-HTH ) cDNA in B. germanica (Huang
and Lee, 2011). In the present study we report the cloning of the
cDNA of the HTH receptor (Blage-HTHR) and the effect of PQ
when both Blage-HTH and Blage-HTHR expression are silenced
by RNA interference (RNAi) in B. germanica, a species that is
particularly sensitive to this knockdown technique (Belles, 2010).
MATERIALS AND METHODS
INSECTS
A colony of the German cockroach, B. germanica (L.), was main-
tained in environmental chambers at 28˚C under L:D= 16:8 h
conditions. Dog chow and water were provided ad libitum.
Nymphs and adults were reared in groups, but adults were sep-
arated by sex to keep them in virgin state. Detailed information
about rearing has been described previously (Lee and Wu, 1994).
RNA EXTRACTION AND REVERSE TRANSCRIPTION TO cDNA
All RNA extractions were performed using TRIzol Reagent (Invit-
rogen) following the supplier’s protocol. Possible genomic DNA
contamination was removed by DNase I (Promega) treatment.
One microgram of total RNA was reverse transcribed using High
Capacity cDNA Reverse Transcription Kits (ABI).
CLONING OF THE HTH RECEPTOR
The ﬁrst primer set was designed based on the known
AKH receptor sequences of other insects, including P. ameri-
cana (DQ217786), Apis mellifera (AY898652), Tribolium casta-
neum (DQ422965), and Bombyx mori (AF403542). The primer
sequences were as follows: 5′-TCC ACG TGG AGG AGC ACC C-
3′ forward; and, 5′-TTC TTC CAS STG GAG GRR CAC CCC-3′
reverse. The ampliﬁed fragment (420 bp) was subcloned into the
pGEMT-easy vector (Promega) and sequenced. To complete the
sequence, the GeneRacer Kit (Invitrogen) for rapid ampliﬁcation
of cDNA ends (RACE) was used following the manufacturer’s pro-
tocol. For 5′-RACE, the reverse primerwas 5′-GACTCAGCTGTA
CCA GTT CTG GTA CAG GA-3′, and for 3′-RACE, the forward
primer was 5′-GTC TGA ACT GAG CTG ATA TCT GCG A-3′. All
PCRproductswere subcloned into pGEMT-easy vector (Promega)
and sequenced.
PHYLOGENETIC ANALYSIS
The amino acid sequences of all known insect AKH receptors
were obtained from GenBank and aligned using the Clustal X
1.18 program (Thompson et al., 1997). The resulting alignment
was manually edited using the GeneDoc program (Nicholas et al.,
1997) and analyzed by the Neighbor-joining method for construc-
tion of a phylogenetic tree. The AKH receptor of the insect species
with the GenBank accession numbers are Drosophila melanogaster
(AAF52426), Anopheles gambiae (ABD60146), Aedes aegypti
(CAY77164 and CAY77166), Glossina morsitans (AEH25943),
B. mori (AAL95712), Manduca sexta (ACE00761), A. mellif-
era (AAX83121), Nasonia vitripennis (NP_001161243), T. casta-
neum (ABE02225),Acyrthosiphon pisum (XP_001945436),Pedicu-
lus humanus (EEB15485), P. americana (ABB20590), and B.
germanica (ADL60118). Five-letter abbreviations used for these
AKH receptors and species are indicated in Figure 1B. Phylo-
genetic trees based on the resulting alignment were constructed
using MEGA version 5 (Tamura et al., 2011). The gonadotropin-
releasing hormone receptor of Caenorhabditis elegans (Caeel-
GnRHR, GenBank accession number NP_506566) was used as
outgroup. The robustness of phylogenetic analysis was evaluated
by bootstrapping using 1000 replicates.
BLAGE-HTHR EXPRESSION ANALYSIS
We performed semiquantitative RT-PCR to investigate the distrib-
ution of Blage-HTHR in different tissues of 7-day-old adult female
B. germanica and to assess the effects of RNAi. Thus, the 25μl PCR
mixture for amplifying the Blage-HTHR fragment included 1μl of
cDNA, 10 pmol of forward primer (5′-GAC TCA GCT GTA CCA
GTT CTG GTA-3′), 10 pmol of reverse primer (5′-GGGAAA TGT
CTTGTGAACCAGGTC-3′), and 5μl of Taq polymerasemixture
(Protech). The PCR (30 cycles) was performed as follows: denat-
uration at 94˚C for 30 s, annealing at 58˚C for 30 s, extension at
72˚C for 1min. Expression of BgActin (GenBank EU514491) was
used as reference. PCR products were separated and visualized on
a 1.5% agarose gel.
Quantitative real-time PCR measurements were carried out in
triplicate in Applied Biosystems StepOnePlus real-time PCR sys-
tems with Fast SYBR Green Master Mix (Applied Biosystems). The
primers used to measure Blage-HTHR mRNA were as follows: 5′-
TCTATCGGGACAACAGCAACCAGA-3′ forward, and 5′-TGC
TTC AGG AAC TTC ACT CAC AGT-3′ reverse. The efﬁciency of
this primer set was ﬁrst validated by constructing a standard curve
through ﬁve serial dilutions. The expression levels were normal-
ized to BgActin expression using 2(−Delta Delta C(T)) method
(Pfafﬂ, 2001). The PCR program began with a single cycle at 95˚C
for 3min, 40 cycles at 95˚C for 15 s, and 60˚C for 30 s. Afterward,
PCR products were heated to 95˚C for 15 s, cooled to 60˚C for 30 s
and increasing the temperature 0.5˚C/min in order to measure
the dissociation curves and to determine an unique PCR prod-
uct for each gene. A template-free control was performed in each
batch.
RNA INTERFERENCE
The Blage-HTHR cDNA of the German cockroach was ﬁrst cloned
into the pGEMT-easy vector (Promega,Madison,WI,USA). Then,
a 528 bp fragment targeting the 3′-UTR of Blage-HTHR mRNA
was ampliﬁed by PCR. The primers (which contained the T7 pro-
moter sequence: TAATACGACTCACTATAG) used in this PCR
reaction were as follows: 5′-TGG ATA GAC CAG CAG TCT GCT
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FIGURE 1 | (A) Alignment of the deduced amino acid sequences of the
Blattella germanica HTH receptor (Blage-HTHR, GenBank GU591493) with
the Periplaneta americana AKH receptor (Peram-AKHR, GenBank
ABB20590). Identical amino acid residues are highlighted in gray. The seven
transmembrane α-helices are indicated byTM1-7. The dotted-line rectangle
indicates an insertion present in both cockroach species. (B) Neighbor
joining tree of AKH receptor insect sequences. The tree was generated
using MEGA 5 with 1000 bootstrap replicates. The evolutionary distance is
given in units of the number of amino acid substitutions per site. The
abbreviated names of insect AKHR are: Acypi-AKHR (Acyrthosiphon pisum),
Aedae-AKHR-1 and Aedae-AKHR2 (Aedes aegypti ), Anoga-AKHR (Anopheles
gambiae), Apime-AKHR (Apis mellifera), Blage-HTHR (Blattella germanica),
Bommo-AKHR (Bombyx mori ), Drome-AKHR (Drosophila melanogaster ),
Glomo-AKHR (Glossina morsitans), Manse-AKHR (Manduca sexta),
Nasvi-AKHR (Nasonia vitripennis), Pedhu-AKHR (Pediculus humanus),
Peram-AKHR (Periplaneta americana), andTrica-AKHR (Tribolium
castaneum). Gonadotropin-releasing hormone receptor of Caenorhabditis
elegans (Caeel-GnRHR) was used as outgroup.
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GAA-3′ forward primer, and 5′-GGG AAA TGT CTT GTG AAC
CAG GTC-3′ reverse. The MEGAscript RNAi Kit (Ambion) was
used to generate the dsRNA following the manufacturer’s proto-
col. The dsRNA solution was stored at −20˚C until use. A dose
of 1.5μg of the 528 bp dsRNA targeting the Blage-HTHR mRNA
was injected into the abdomen of newly emerged adults. As dsRNA
control, the enhanced green ﬂuorescence protein (EGFP) sequence
was used at the same dose. Blage-HTHR expression in the fat body
was determined by semiquantitative RT-PCR within the following
days after dsRNA treatment.
To investigate the role of HTH against oxidative stress, we
injected 1.5μg of both, dsHTHR and dsHTH, the latter being pre-
pared according to the protocol previously described (Huang and
Lee, 2011), into newly emerged male B. germanica. Blage-HTHR
expression in the fat body and Blage-HTH expression in the whole
headwere determined by semiquantitative RT-PCR at the 10th day
after dsRNA treatment.
TREHALOSE DETERMINATION
Trehalose in the hemolymph was determined following the pro-
tocol previously described (Huang and Lee, 2011). Brieﬂy, 5μl
hemolymph was obtained from the hind leg coxae. Then, the
hemolymph was incubated overnight at 37˚C with 2μl porcine
kidney trehalase (Sigma) to convert trehalose into glucose. The
amount of glucose in 50μl of the above solution was measured
using the Glucose Assay Kit (Sigma). Glucose concentration was
corrected by deducting the amount of glucose from the same
supernatant prepared under identical conditions but without
trehalase.
OXIDATIVE STRESS TREATMENTS
The insects were individually injected with 1μl solution of
20mM PQ (paraquat: 1,1′-dimethyl-4,4′-bipyridylium dichlo-
ride hydrate) to cause oxidative stress, or with 1 μl Ringer
saline as control. To study the effect of HTH against oxidative
stress, the insects were injected with 1μl solution containing
syntheticHTHpeptide (pGlu-Val-Asn-Phe-Ser-Pro-Gly-Trp-Gly-
Thr-NH2) of B. germanica at various concentrations (10, 40, and
80 pmol) in combination with 20 nmol PQ (1:1 in volume). The
number of dead cockroaches were recorded every day. All chem-
icals used in the experiments and assays were obtained from
Sigma-Aldrich Chemical Company (St. Louis, MO, USA) unless
otherwise stated.
LIPID PEROXIDATION MEASUREMENT
We used lipid peroxidation as speciﬁc test to measure the level of
oxidative stress. A total of 15 μl hemolymph from a pool of eight
specimens was collected at 4 h post inoculation of oxidative stress
treatment and diluted with 30μl PBS containing 1% butylated
hydroxytoluene to prevent further oxidation of lipid during fur-
ther processing. The diluted hemolymph was shaken vigorously
and centrifuged (10,000× g for 10min at 4˚C). To determine the
levels of malondialdehyde as indicator of lipid peroxidation, the
supernatants were processed using the OxiSelect TBARS (thiobar-
bituric acid reactive substances) assay kit (Cell Biolabs) following
the manufacturer’s instructions.
STATISTICAL ANALYSIS
The results in the ﬁgures represent the mean± SEM. Statistical
analyses were performed using computing software R. Statisti-
cal signiﬁcance of results were evaluated using unpaired t -test
between two groups and one-way ANOVA followed by Tukey’s
HSD post hoc test for multiple comparisons. The analyses of
survival curves were carried out using Kaplan–Meier test for
median survival time, the Log-rank test for testing the differences
among treatment groups, and the Kruskal–Wallis rank sum test
for post-test calculations.
RESULTS
CLONING AND EXPRESSION PATTERN OF BLAGE-HTH RECEPTOR
Cloning of the HTH receptor (Blage-HTHR) cDNA of B. ger-
manica was accomplished by a RT-PCR approach, combining
the use of degenerate primers based on AKHR conserved motifs
to obtain a partial sequence, and 5′-RACE and 3′-RACE experi-
ments to complete it. These ampliﬁcations rendered a full-length
cDNA of 1,769 bp encoding a predicted 406 amino acid protein
(Blage-HTHR; GenBank accession number GU591493; Figure A1
in Appendix). According to BLAST searches, cDNA sequence of
Blage-HTHR was very close (71.0% identity, 81.5% similarity) to
P. americana AKH receptor (Peram-AKHR; GenBank accession
number ABB20590). In addition, the alignment of receptor pro-
teins of the two cockroach species showed values of 62.4% identity
and 72%similarity (Figure 1A). The deduced amino acid sequence
of Blage-HTHR exhibits the typical structural features of G
protein-coupled receptors including an extracellular N-terminus,
seven transmembrane regions, and an intracellular C-terminus.
Neighbor-joining analysis of insect AKH receptor sequences
gave a tree (Figure 1B) showing that Blage-HTHR clusters with
Peram-AKHR from P. americana, as expected. Indeed, these two
cockroach receptors have an additional consensus sequence in
the intracellular C-terminus that is characteristic of them, and
which is not present in other insect AKH receptor sequences
(Figure A2 in Appendix). The sister group of the cockroach node
is composed by phylogenetically distal hemimetabolous species
(Phthiraptera, Hemiptera) and basal holometabolous species
(Coleoptera, Hymenoptera), and these two nodes have the more
modiﬁed holometabolous species (Lepidoptera and Diptera) as
sister group. In general, the topology of the tree approximately fol-
lows the phylogenetic relationships of the insect orders currently
established.
The expression of Blage-HTHR was detected and quantiﬁed in
various tissues and stages (Figure 2). Concerning the adult, the
expression was observed in practically all studied tissues, but the
strongest expression was found in the fat body (Figure 2A). Con-
versely, expression in the ovary was practically absent, and that in
the accessory glands was very faint. Comparing different life cycle
stages (Figure 2B), expression was very low in embryos and rel-
atively low in the ﬁrst instar nymph. Values were much higher in
the last instar (N6) nymph, and in the adult stage of both sexes.
RNAI-MEDIATED KNOCKDOWN OF BLAGE-HTHR REDUCES THE
TREHALOSEMIC EFFECT OF HTH
We ﬁrst studied the function of Blage-HTHR in B. germanica
in relation to trehalose regulation by depleting its expression by
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FIGURE 2 | (A) Semiquantitative RT-PCR analysis (Blage-HTHR, 790 bp) in
various tissues: brain–CC–CA complex (B–CC), ventral nerve cord (VNC),
midgut (Mgt), fat body (FB), ovary (O), oviduct (Ovd), and accessory gland
(Asg) of 7-day-old adult females. BgActin expression (365 bp) was used as a
reference. (B) Quantitative real-time RT-PCR analysis of Blage-HTHR
expression in the whole body of cockroaches at various developmental
stages. N1 and N6 represent ﬁrst and last (sixth) nymphal instars,
respectively. Male and female are 7-day-old adults. The Blage-HTHR mRNA
was normalized against BgActin expression. Data represent the
mean±SEM (n =3) of relative transcription levels normalized in
comparison with embryo.
RNAi. Blage-HTHR mRNA was measured in the fat body 1, 5, and
10 days after the treatment with dsHTHR, and results (Figure 3A)
showed that expression was clearly reduced in comparison with
controls (dsEGFP-treated) on days 1 and 5, and it was practi-
cally undetectable on day 10, either in females as well as in males.
The function of Blage-HTHR as HTH receptor was illustrated
by the signiﬁcant reduction of trehalose titers in the hemolymph
after injection of HTH in dsHTHR-treated females (Figure 3B).
The injection of 10 pmol of HTH resulted in the increase of
hemolymph trehalose up to 113% 2 h later in dsEGFP-treated
females. In contrast, the hemolymph trehalose increased signif-
icantly less (49%) in dsHTHR-treated females 2 h after the HTH
injection. These results suggest that the remarkable increase of
hemolymph trehalose elicited by HTH requires a high expression
of its receptor, Blage-HTHR.
The titer of hemolymph trehalose displayed a steady increase
and peaked at day 8 in the ﬁrst reproductive cycle of female adults,
either in controls (dsEGFP-treated) as in specimens treated with
dsHTHR (Figure 3C), although the levels are lower in the lat-
ter. The hemolymph trehalose pattern is coincident with that of
ovarian development. In adult males, the hemolymph trehalose
levels practically do not ﬂuctuate, either in controls (dsEGFP-
treated) as in specimens treated with dsHTHR (Figure 3D); again,
the levels were signiﬁcantly lower in dsHTHR-treated specimens
(Figure 3D).
ROLE OF HTH AS RELIEVER OF OXIDATIVE STRESS
Subsequently, we studied the potential roles of HTH as reliever
of oxidative stress. Given that female B. germanica exhibits a var-
ied ability against oxidative stress during the reproductive cycle
FIGURE 3 | Effects of silencing Blage-HTHR on hemolymph trehalose
levels in Blattella germanica. dsHTHR or dsEGFP were injected in newly
emerged adults. (A) Semiquantitative RT-PCR analysis showing the
down-regulation of Blage-HTHR expression in the fat body 1 day after
injection of the corresponding dsRNA. (B) Silencing effect of Blage-HTHR on
hemolymph trehalose levels after treatment with HTH (10 pmol; n =16) 0 and
2 h after HTH treatment. *Indicates signiﬁcant differences between 0 and 2 h
after HTH treatment (P <0.05, two-tailed Student’s t -test). (C) Pattern of
hemolymph trehalose in dsHTHR-treated adult females during the ﬁrst
reproductive cycle (n =8, except at the age of 4 days, where n =4). (D)
Pattern of hemolymph trehalose in dsHTHR-treated adult males (n =6).
*P <0.05 is using two-tailed Student’s t -test.
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(unpublished data), we chose only males to conduct the follow-
ing experiments. The injection of 20 nmol of PQ on 10-day-old
male adults caused a mortality that rapidly increased with time,
thus median survival time was attained on day 4 (Figure 4A).
However, exogenous HTH at 10, 40, and 80 pmol concentrations
signiﬁcantly reduced the speed of mortality increase, with median
survival time attained around day 7 (Figure 4A), thus, the protec-
tive effect of HTH did not show signiﬁcant differences among the
three concentrations used.
To further assess the possible protective role of HTH against
oxidative stress, the expression of Blage-HTHR after PQ treat-
ment was studied (Figure 4B). Injection of PQ (20 nmol) caused
a signiﬁcant reduction of the Blage-HTHR expression in the
fat body 4 h later. Mean value of Blage-HTHR mRNA was also
decreased in the specimens injected with PQ and 40 pmol HTH,
which extended the life span under the provoked oxidative stress.
But the level of Blage-HTHR in PQ co-injected with HTH was
not signiﬁcantly different from that in either control or PQ
treatment.
FIGURE 4 | (A) Survival curve of male adults of Blattella germanica after
treatment with paraquat (PQ) and HTH (H). SA, injection with saline
(control); PQ, injection with 1μl of 20mM PQ; 10H, 40H, and 80H, injection
with various concentrations (pmol) of HTH. The median survival time (days)
is indicated in the parenthesis of each treatment group. (B) Quantitative
real-time PCR analyses on mRNA expression of Blage-HTHR in fat body of
adult male of B. germanica 4h after the treatment. Expression levels were
calculated after normalizing against BgActin expression in each sample.
Results are indicated as the mean±SEM (n =3 per treatment group).
RNAi-SILENCED HTH SIGNALING REDUCES ANTI-OXIDATIVE
PROTECTION
We further assessed the protective role of HTH on oxidative
stress in specimens were Blage-HTH and Blage-HTHR mRNA
levels had been simultaneously depleted by RNAi. A treatment
of 1.5μg of dsHTH and 1.5μg of dsHTHR (dsHTH/R) was
administered to newly emerged males of B. germanica, and the
corresponding expression of Blage-HTH and Blage-HTHR was
undetectable 10 days later in the tissues were these transcripts are
most expressed: Blage-HTH in the head and Blage-HTHR in the
fat body (Figure 5A). There were no lethal effects when the expres-
sion of both genes was knocked down, as all specimens survived
in apparently healthy conditions at least during 25 days after the
dsRNA injections. However, PQ treatment elicited a faster mortal-
ity in the specimens knockdown for Blage-HTH and Blage-HTHR
(median survival time was attained on day 2 after PQ treatment),
than in controls (dsEGFP-treated; median survival time attained
on day 5; Figure 5B). Moreover, a dose of 40 pmol of HTH sig-
niﬁcantly relieved the detrimental effect elicited by PQ in control
specimens (median survival time attained on day 8), but this “res-
cue” effect of HTH was milder in the specimens knockdown for
Blage-HTH and Blage-HTHR (median survival time attained on
day 3; Figure 5B).
Finally, the anti-oxidative stress function of Blage-HTH and
Blage-HTHR was further demonstrated by measuring malondi-
aldehyde as indicator of lipid peroxidation under oxidative stress
caused by PQ, using specimens where Blage-HTH and Blage-
HTHR expression had been depleted by RNAi, and applying
exogenous HTH. Results (Figure 5C) show that without PQ,
the malondialdehyde titer in the group of specimens knockdown
for Blage-HTH and Blage-HTHR was higher than that of the
dsEGFP-treated group. PQ elicited and increased the titer of mal-
ondialdehyde in both groups, but differences between them were
not statistically signiﬁcant. Finally, exogenous HTH signiﬁcantly
counteracted the effects of PQ in the dsEGFP-treated group, but
not in the group of Blage-HTH and Blage-HTHR knockdowns.
DISCUSSION
About 50 peptides belonging to the AKH family have been iden-
tiﬁed in insects (Gäde, 2009) since the ﬁrst hyperglycemic factor
was discovered in the cockroach P. americana (Steele, 1961). The
physiological function of these peptides on energy homeostasis
as well as on signal transduction at the cellular level have been
thoroughly reviewed by a number of authors (Van der Horst et al.,
2001; Gäde and Auerswald, 2003; Schooley et al., 2005). However,
studies at molecular level of AKH receptors have been conducted
more recently in the fruit ﬂy D. melanogaster and in the silkmoth
B. mori (Staubli et al., 2002). In cockroaches, only the AKH recep-
tor cDNA of P. americana has been characterized (Hansen et al.,
2006; Wicher et al., 2006). The present contribution reports the
characterization of the HTH receptor in another cockroach, B.
germanica, which is structurally close to that of P. americana AKH
receptor (Figure 1).
Alignment of all knownAKH/HTH receptor protein sequences
shows a large region of evolutionary conserved residues in the
transmembrane domain, but a highly diversiﬁed region in the C-
terminus, which is associated to intracellular signaling (Figure A2
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FIGURE 5 | Effects of double RNAi of Blage-HTH and Blage-HTHR against
oxidative stress in male adults of Blattella germanica. (A)The effect of
double injection of dsHTH and dsHTHR on the gene expression 10 days after
the treatment. (B) Effect of Blage-HTH and Blage-HTHR RNAi on survival rate
under PQ treatment. E, injection of dsEGFP; H, double injection of dsHTH and
dsHTHR on newly emerged adults. SA, PQ, and 40H as described in Figure 3.
The median survival time (days) is indicated in the parenthesis of each
treatment group. (C) Lipid peroxidation 4 h after PQ treatment. MDA,
malondialdehyde as an indicator of lipid peroxidation. Results are presented
as the mean±SEM (n =4 per treatment group). Different letters on the
histogram indicate signiﬁcant differences within the same dsRNA treatment.
Two-tailed t -test was performed between different dsRNA injections.
in Appendix). The phylogenetic analysis indicates that the intra-
cellular C-terminus has considerably diverged in different insect
orders, and this might have derived in different signal transduc-
tion mechanisms in different orders. Interestingly, an additional
sequence at the beginning of the intracellular C-terminus in cock-
roaches might be related to the export of the receptor to the cell
membrane, as an equivalent sequence in the C-terminal end of
the AKH receptor of B. mori serves for this function (Huang et al.,
2011).
The most abundant expression of Blage-HTHR in the fat body
among the tissues tested (Figure 2A) is in agreement with the
fact that HTH is the major regulator of energy metabolism in
insects. This is also supported by the increasing expression level of
Blage-HTHR from nymphal to adult stage which coincides with
increasing locomotion which occurs in parallel (Yang et al., 2009),
and which requires increasing energy expenditure. Our previous
results showed that depletion of Blage-HTH expression results in
a delay of oviposition in virgin females of B. germanica (Huang
and Lee, 2011). In the present study, we observed Blage-HTHR
expression in the oviduct, but not in ovary (Figure 2A),which sug-
gests that Blage-HTH release could stimulate the contraction of
oviduct muscles during basal oocyte extrusion. Indeed, a myoac-
tive effect of AKHs on the dorsal vessel has been demonstrated in
P. americana (Scarborough et al., 1984).
The canonical function of Blage-HTHR as HTH receptor
in B. germanica has been demonstrated by injecting HTH in
specimens where Blage-HTHR had been depleted by RNAi, and
observing that mobilization of trehalose in the hemolymph
was impaired (Figure 3B). Equivalently, the malaria mos-
quito A. gambiae with lowered expression of AKH receptor
(Anoga-AKHR) also fails to mobilize the glycogen reserves in
the fat body after injection of Anoga-AKH-I (Kaufmann and
Brown, 2008). However, the occurrence of a signiﬁcant eleva-
tion of hemolymph trehalose in dsHTHR-treated group was
likely considered as incomplete silencing of Blage-HTHR expres-
sion because RNAi does not completely knockout gene expres-
sion. In addition, studies in vitro demonstrate that reduced
expression of the Bombyx AKHR on the cell membrane results in
lower levels of intracellular cAMP (cyclic adenosine monophos-
phate) formation after AKH stimulation (Huang et al., 2011).
Therefore, a maximal action of HTH would require an ade-
quate expression of its receptor to trigger signal transduc-
tion.
RNA interference-mediated depletion of Blage-HTHR mRNA
was found to decrease hemolymph trehalose levels in the adult of
both sexes (Figures 3C,D), although the female displays ﬂuctua-
tions of trehalose related to the reproductive cycle. Our present
results of Blage-HTHR RNAi (Figure 3C) supports our previ-
ous hypothesis postulating that HTH induces hemolymph tre-
halosemobilization during the reproductive cycle in virgin females
(Huang and Lee, 2011). The results suggest that HTH plays a
critical role in carbohydrate homeostasis, as occurs in AKH-
cell-deﬁcient D. melanogaster that has relatively low hemolymph
trehalose levels (Lee and Park, 2004).
The involvement of AKH peptides in antioxidant protection
in insects was inferred from the increase in AKH titer after
exposure to oxidative stress (Kodrik et al., 2007; Vecera et al.,
2007). The same authors showed that exogenous AKH application
enhanced the efﬂux of reduced glutathione to the hemolymph
and maintained the normal levels of protein carbonyl, a marker
of oxidative stress. In the present study, we have fully demon-
strated the protective role of HTH upon oxidative stress under
different experimental approaches, ﬁrst, through experiments of
co-injection of PQ and HTH on control specimens (Figure 4A),
and secondly, in specimens with the expression levels of Blage-
HTH and Blage-HTHR depleted by RNAi (Figure 5B). These
results provide a new and relevant information supporting that
Blage-HTH potentiates a stress hormone on anti-oxidative stress
response in B. germanica. The promoter of oxidative stress used
in our experiments has been PQ, which acts on the redox-cycling
reactions, thus eliciting free radicals as well as causes oxidative
modiﬁcation of macromolecules, such as lipid peroxidation (Has-
san, 1984). Accordingly, we examined lipid peroxidation in the
hemolymph 4 h after PQ treatment (Figure 5C). Levels of lipid
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peroxidation in the hemolymph increased signiﬁcantly after PQ
injection in dsEGFP and dsHTH/R groups. However, the co-
injection of HTH maintained the lipid peroxidation at a normal
level in controls but not in the Blage-HTH and Blage-HTHR
knockdowns, which suggests that HTH lowers the oxidative dam-
age in B. germanica. A likely mechanism might be that HTH
induces the efﬂux of glutathione into the hemolymph, as demon-
strated in other insect AKHs (Kodrik et al., 2007; Vecera et al.,
2007). However, the signiﬁcant reduction of Blage-HTHR expres-
sion after PQ treatment (Figure 4B), suggests that the oxida-
tive stress directly impairs its expression. The less severe reduc-
tion of Blage-HTHR expression observed after co-injecting PQ
and HTH (Figure 4B) might be the outcome of downstream
response induced by HTH to relieve the oxidative damage. More-
over, genome-wide analysis in D. melanogaster after PQ treat-
ment have shown that cytochrome P450 genes become up- and
down-regulated (Girardot et al., 2004), and it has been addition-
ally reported that HTH stimulates cytochrome P450 expression
in the cockroach Blaberus discoidalis (Lu et al., 1995). Therefore,
we further speculate that HTH might induce the expression of
P450 genes, thus contributing to decrease the oxidative stress in B.
germanica.
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APPENDIX
FIGUREA1 | Nucleotide sequence of cDNA encoding the
open-reading frame for B. germanica HTHR with flanking 5′- and
3′-UTR sequences (GenBank accession number GU591493). Start
and stop codon are indicated by yellow background. The primer pair for
qRT-PCR is shown in underlined bold type. The primer pair for
semiquantitative PCR is boxed. The fragment encompassed by the
dsHTHR used in the RNAi experiments is shown in green
background.
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FIGUREA2 | Alignment of the AKH receptor protein sequences from
insects and gonadotropin-releasing hormone receptor of
Caenorhabditis elegans used in the phylogenetic analysis.The
alignment was carried out using ClustalW program. A black background
indicates the amino acids are identical among species, whereas a gray
background shows similarity among residues. The red underline indicates
the insertion present in both cockroach species. The abbreviated names of
sequences used are provided in Figure 1B.
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